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Abstract. Impulsive noise is one of the main impairments over power
line channels. In this respect, this paper presents the available impul-
sive noise models and then reviews and compare several existing mitiga-
tion techniques proposed in the literature. These methods include multi-
carrier modulation, nonlinear preprocessors, multiple-input multiple-output,
coding and iterative techniques. Interesting comparisons between these
techniques and meaningful insights are presented and discussed.
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1 Introduction
The principle of power line communication (PLC) is based on the use of the
existing power lines in buildings and utility grid to carry data and electricity
signals simultaneously. This technology has been around for some decades, but
it has only been used for limited applications such as, home automation, public
lighting and narrow band tele-remote relay applications. Recently, PLC technol-
ogy has attracted much attention as almost every single building in the world
can be reached by the existing electrical wiring. PLC also plays an important role
in home networking applications due to the spreading of Internet and modern
communication technologies.
On the other hand, there are several challenges when using this medium for
high-data rate transmissions. Firstly, the frequency-selective nature of the chan-
nel introduces inter-symbol interference (ISI) which can signiﬁcantly degrade bit
error rate (BER) performance [1, 2]. Secondly, there is the issue of electromag-
netic compatibility (EMC) to other wireless systems in the surroundings. For
this reason, there are regulatory limits for the maximum allowable power that
a PLC modem can transmit [3] and this could result in very low signal-to-noise
(SNR) values at the receiver. Thirdly, noise over power lines is one of the most
destructive parameters which can disturb communication signals over PLC chan-
nels [4]. According to [4], the PLC noise is categorized into ﬁve types namely,
colored background noise, narrow-band noise, periodic impulsive asynchronous
to the mains frequency, periodic impulsive synchronous to the mains frequency
and asynchronous impulsive noise. The ﬁrst three types vary slowly over time
and remain stationary over periods of up to minutes and sometimes for hours;
therefore, they are summarized as background noise. However, the last two types
are classiﬁed as impulsive noise which has short duration, random occurrence
and high power spectral density (PSD). Communication signals over power lines
can be severely degraded by impulsive noise. In this respect, this paper is dedi-
cated to review and compare the existing techniques used to model and mitigate
the impulsive noise.
The rest of the paper is organized as follows. Section 2 describes the noise
modeling methods over power line channels. The impulsive noise mitigation tech-
niques are discussed in Section 3 and section 4 concludes the paper.
2 Impulsive Noise Modeling
The statistical modeling of noise in power line channels has been an important
interest to researchers recently. Plenty of research has been conducted to model
impulsive noise [5,6]. Below, we discuss the most common impulsive noise models
used in analyzing and evaluating the performance of PLC systems [7].
2.1 Two-terms Gaussian Model
For its simplicity, this model is widely used to characterize impulsive noise [7];
it is also known as two-component mixture-Gaussian model and is deﬁned as
η (t) = ε (t)n1 (t) + (1− ε (t))n2 (t) , (1)
where ε (t) is a Bernoulli random process, n1 (t) and n2 (t) are independent
Gaussian processes with zero mean and σ2b and Kσ
2
b variances, respectively.
The power of n2 (t) is K times greater than that of the background noise. The
following formula describes the probability density function (PDF) of the total
noise
pη (v) = (1− p)N
(
0, σ2b
)
+ pN(0,Kσ2b ), (2)
where N(0, σ2b ) denotes the Gaussian distribution and p is the probability occur-
rence of impulsive noise. The following formula is used to obtain the background
noise variance
σ2b = 2RIN
f2ˆ
f1
10[Rnb(f)−30]/10df
[
V 2
]
, (3)
where RIN is the receiver input impedance and is usually equal to 50Ω, f1 =
1MHz and f2 = 100MHz.
The following assumptions σ2b = 2.6456× 10−5
[
V 2
]
, K = 100 and p = 0.01
are usually used to simulate the two Gaussian model, see e.g., [8, 9].
2.2 Middleton's Class-A Model
Both the background and impulsive noise are incorporated in this model. It
is worth mentioning that the communication channel that experiences class-A
noise is also referred to as Additive White Class-A Noise channel (AWCN) [6].
The PDF of this noise model is deﬁned as
pη (v) =
∞∑
k=0
e−AAk
k!
ev
2/2σ2k√
2piσ2k
(4)
where
σ2k = (1 +
1
Γ
)
k
A
+
Γ
1 + Γ
σ2b , (5)
Γ represents the background-to-impulsive noise ratio and A is called the impul-
sive index.
A small number of terms in this series can be used to give acceptable approxi-
mations to this distribution. It was found that the cumulative sum can be cut oﬀ
at the third term and the results obtained were very identical to the one found in
the simple two-terms Gaussian model. Also, note that Middleton class-A noise
becomes very close to Gaussian noise as the impulsive noise statistical charac-
teristic becomes continuous when A is large. On the contrary, highly structured
impulsive noise is found when A values are small. Similarly, same comments can
be made when Γ is changed while keeping A constant.
3 Impulsive Noise Cancellation Strategies
In this sections, several impulsive noise mitigation techniques over PLC channels
are presented and compared.
3.1 Multi-carrier Modulation (MCM)
A lot of work has been carried out trying to reduce the eﬀect of impulsive noise.
For example, the eﬀect of impulsive noise on orthogonal frequency division mul-
tiplexing (OFDM) systems in radio communications was ﬁrst analyzed in [10]
where a closed-form expression for the probability of error was derived for two
diﬀerent scenarios, namely, single-carrier (SC) and MCM. It was found that
MCM outperforms SC systems, more speciﬁcally when the noise power is mod-
erate and the probability occurrence of noise is not too high. This was justiﬁed as
follows: the eﬀect of impulsive noise gets spread over several data symbols in the
case of MCM systems whereas in SC systems, the impulsive noise will aﬀect only
one symbol. Furthermore, the author added that this advantage can turn into a
disadvantage if the energy of impulsive noise exceeds a certain level. However,
this study did not consider the eﬀect of the channel. In [11], the BER perfor-
mance of OFDM systems and the eﬀect of multi-path over PLC channels were
investigated by means of computer simulations. In [12], the BER performance of
such systems under the eﬀects of impulsive noise and multi-path was analyzed
theoretically and closed-form formulas were obtained. It was concluded that the
adverse eﬀect of multi-path over PLC channels can be more serious than that of
impulsive noise.
3.2 Nonlinear Preprocessors
Another mitigation technique is proposed in [13] where a nonlinear device is
placed at the front end of the receiver. This technique is simple and easy to be
implemented; due to these two reasons, this method is widely used in practice
[9, 14, 15]. There are three diﬀerent types of nonlinear preprocessors namely:
blanking, clipping and combined blanking and clipping (Hybrid) whose basic
principles are discussed below. These are also referred to as time domain (TD)
mitigation techniques.
 Blanking non-linearity
yk =
{
rk, |rk| ≤ Tb
0, |rk| > Tb
k = 0, 1, . . . , N − 1 (6)
where Tb is the blanking threshold, yk is the output of the nonlinear device and
rk is its input.
 Clipping non-linearity [16]
yk =
{
rk, |rk| ≤ Tc
Tce
jarg(rk), |rk| > Tc
k = 0, 1, . . . , N − 1 (7)
where Tc is the clipping threshold.
 Hybrid (blanking/clipping) non-linearity [17]
yk =

rk, |rk| ≤ Tc
Tce
jarg(rk), Tc < |rk| ≤ Tb k = 0, 1, . . . , N − 1
0, |rk| > Tb
(8)
where Tb ≥ Tc.
The assumption in this technique is that the received OFDM signal amplitude
is conspicuously lower than the impulsive noise amplitudes. Therefore, any sig-
nals with amplitudes greater than a speciﬁed limit are assumed to be disturbed
by impulsive noise [13]. However, using noise amplitude clipping or blanking
techniques can enhance the communications performance. The received signal
phase is not altered while the amplitude of the received signal is limited to a de-
ﬁned threshold by the nonlinear preprocessor [18]. Any OFDM sample that has
amplitude lower than threshold passes without modifying its amplitudes as it is
considered a clear OFDM signal. On the other hand, signal samples with am-
plitude above the threshold are clipped to Tc in clipping technique or replaced
with zero in blanking technique. Nevertheless, in the hybrid approach, signal
samples that have amplitudes less than Tc can pass without clipping or nulling.
As Tc is less than Tb, any sample with an amplitude above Tc and less than Tb
is clipped to the clipping threshold while the OFDM sample whose amplitude is
above both thresholds Tc and Tb is blanked. The concepts of the diﬀerent TD
techniques are illustrated in Fig. 1.
Fig. 1: TD impulsive noise mitigation techniques.
In [18], optimal Tc and Tb values were found and used to combat the impulsive
noise over the narrow-band PLC systems. However, it was conﬁrmed that the
use of optimal threshold values for the hybrid scheme performs better than the
use of either blanking or clipping separately. Speciﬁcally, a gain of 1.5dB in the
performance was achieved by combining clipping and blanking methods as was
shown in [18]. Diﬀerent impulsive noise scenarios were mitigated in [19], where
the blanking and/or clipping techniques were used separately; improvement of
5dB in the output SNR was achieved in the worst impulsive noise scenario when
the hybrid method was used [19].
3.3 Time and Frequency Domain (TFD) Techniques
Unlike the aforementioned methods where the signal is processed before the
OFDM demodulator, i.e., in the TD, the study in [20] proposed an algorithm
that compensates for the impulsive noise and channel equalization after the
OFDM demodulator, i.e., in the frequency domain (FD). This algorithm was
investigated by means of simulation and a large performance improvement were
achieved. Fig. 2 shows where the TD and the FD mitigation takes place.
Fig. 2: TFD mitigation conﬁguration.
A very small improvement in the SNR was achieved when a combination of
amplitude clipping and channel equalization TFD technique was used for im-
pulsive noise mitigation [21]. However, in this combined method, the amplitude
clipping took place before the OFDM demodulator. The equalizer which was
used as PLC channel compensator was located after the OFDM demodulator.
The simulation results of this method showed that the system performance is
enhanced by 0.7dB as a maximum improvement in SNR [21]. Same impulsive
noise mitigation technique was used in [19]. The OFDM signal is ﬁrstly passed
through a clipping/blanking non-linearity TD processor then processed by the
FD technique after it is passed through the demodulator and channel equal-
izer. A maximum of 5dB SNR improvement was reached with this method. This
study considered diﬀerent impulsive noise scenarios, namely, heavily, medium
and weakly [21].
3.4 Multiple Input Multiple Output (MIMO)
MIMO in PLC refers to the concept of using multiple cables between the trans-
mitter and the receiver and can be used to reduce the impact of several PLC
channel impairments. MIMO techniques are mainly divided into:
Spatial Diversity Fading can be combated by the use of diversity. It is called
transmit diversity if it is at the transmitter side and receive diversity if it is
exploited at the receiver side.
Spatial Multiplexing This method is not supposed to strengthen the trans-
mission; the data rate is increased when spatial multiplexing is used. The data
is divided into separate streams and diﬀerent cables are used to transmit these
streams. Fig. 3 illustrates the main diﬀerences between MIMO in PLC and wire-
less channels.
Figure 3: MIMO technology in PLC and wireless channels.
The performance of diﬀerential phase shift keying (DPSK), in the presence
Middleton class-A noise, with two diﬀerent diversity techniques, namely, equal
gain combining (EGC) and selection combining (SC) in Ricean fading channels
is investigated in [22]. It was found that when the proposed system is com-
bined with linear block codes, the system performance can be further improved.
Whereas in [23], closed-form expressions for BER performance are derived for
two diversity schemes, namely, maximum ratio combining (MRC) and post de-
tection combining (PDC) over Rayleigh fading channels using the two diﬀerent
impulsive noise models proposed in [24]. Unlike in Gaussian environments where
MRC is the optimal, it was shown that PDC is more robust to impulsive noise
than MRC scheme specially when the diversity order is high.
It is worth noting that there are some diﬀerences between the application
of MIMO in power line channels and the wireless channel which can be seen in
Fig. 3. Firstly, to obtain the input signal of every receiving antenna, the appli-
cations of MIMO in wireless communications combine the received signals from
each transmitting antenna. On the other hand, as presented in [25], in order to
simplify the transmission of the signals over the power lines, the wires ought
to be completely isolated in PLC environments. Secondly, in PLC applications,
the number of transmitting points must be equal to the number of receiving
points [26]. In contrast, arbitrary number of antennas might be used in wire-
less applications. Thirdly, multiple transmitting and receiving antennas can be
used in wireless communications whereas in PLC, a maximum number of three
transmitting and receiving points are available. This means that for wireless
communication with Nt transmitting antennas and Nr receiving antennas, a
diversity order of NtNr can be employed; while in PLC channels a maximum
diversity order of three can be exploited.
Furthermore, many studies have investigated the use of space-time coding
over PLC channels [27, 28]. In [27], the author examined the performance of
space-time block coding (STBC) with block interleaving in PLC channel con-
taminated with Middleton class-A impulsive noise and was compared to that in
wireless channels; it was found that STBC is as promising as it is in wireless
channels. In [26], the BER performance and channel capacity of STBC2x2 sys-
tem are evaluated in a typical PLC environment, i.e., frequency selective channel
and in the presence of AWCN. It was found that a gain of about 16dB at BER
of 10−5 can be achieved in comparison with the conventional system. As this
study assumed complete isolation between the wires, it was presented that there
is no capacity improvement in the proposed system.
All the studies above considered SC systems. As was presented in the previous
section, MCM is more suitable for PLC channels. Space-frequency block coded
(SFBC) [29] OFDM over a 3-phase power line network was studied in [28]. It
was demonstrated that the proposed system provides a signiﬁcant performance
improvement, a gain of about 10dB at symbol error rate of 10−3, compared to
the conventional single-wire system.
STBC-OFDM over PLC channels was applied in [30] to improve the system
reliability by applying symbol repetition technique. In [31], the performance of
single-input single-output (SISO) and multiple-input single-output (MISO) tech-
niques based on SC modulation was considered as well as the eﬀect of feedback
channels. It was demonstrated that MISO-SC systems with a feedback channel
can outperform MISO-SC without a feedback channel and SISO-SC with and
without feedback channels. In [32] MIMO-OFDM system was applied to PLC
systems and the coupling eﬀect between the conductors on the system capacity
was evaluated experimentally.
3.5 Coding
Channel coding enables PLC nodes to detect and correct errors without the
need for re-transmission, which may not be feasible in real-time based applica-
tions due to time delay restrictions. In general, convolutional and Reed-Solomon
(RS) codes have been the main schemes adopted by narrow-band PLC standards.
However, researchers have also evaluated the performance of other coding tech-
niques such as the generalized array codes, Luby transform codes, bit-interleaved
coded modulation with iterative decoding, row and column array codes. These
codes have shown more robustness against power line channel impairments in
comparison to the convolutional codes. Channel coding systems generally add
redundancy to the original information to detect and correct errors. The perfor-
mance of coded OFDM systems over power lines was ﬁrst investigated in [33] by
means of simulation. In this study, the authors examined two diﬀerent channel
coding methods namely, convolutional coding and RS coding. The author of [34]
suggested adding bit-interleaving to the convolutionally coded OFDM and the
BER performance was examined under three diﬀerent impulsive noise scenarios
based on the measurements of [4]. The simulation results showed that the com-
bination of interleaving and convolutional coding can signiﬁcantly minimize the
eﬀect of impulsive noise and a gain of up to 15dB can be achieved at BER of
10−3.
Turbo decoding for turbo codes in impulsive noise environments is discussed
in [35] whereas the performance of double binary turbo coded OFDM system
over PLC channels is analyzed in [36] where it was concluded that as the number
of decoding process iterations increases, the BER performance is signiﬁcantly
improved. The study in [37] proposed using RS codes combined with M-ary
modulation and showed that this can combat burst errors caused by impulsive
noise even without applying interleaving. Quasicyclic low-density parity check
(QC-LDPC) codes are implemented in PLC systems in the presence of Middleton
class-A noise in [38].
It is true that the more robust the coding scheme employed is, the more
link reliability is achieved; however, this will be attained at the expense of more
computational complexity at the PLC modem resulting in more expensive chip-
set requirements.
Figure 4: Iterative OFDM impulsive noise cancellation.
Iterative Impulsive Noise Reduction Several iterative algorithms have been
proposed in the literature to mitigate impulsive noise [39]. For instance, Fig. 4
shows the iterative algorithm used in [39] which is based on the ﬁndings of [10]
that MCM can combat the impulsive noise. In this algorithm, the output of the
OFDM demodulator is re-modulated by the OFDM modulator and b¯k is given.
After that b¯k is subtracted from the received signal rk and the result deﬁnes the
estimated noise samples n¯k which have large amplitudes. The estimated noise
samples are subtracted from rk. This process is repeated n times depending
on the number of iterations performed. Finally, after n iterations, the resulting
signal is passed through the OFDM demodulator. It was shown that when the
number of iterations is 10, this algorithm provides a gain of about 7dB at BER
of 10−3 compared to the conventional OFDM system, i.e., when the number of
iteration = 0.
Based on the above review of impulsive noise mitigation techniques, we can
demonstrate a comparison between these techniques in terms of complexity, per-
formance and data rate as in Table 1.
4 Conclusions
In this paper, diﬀerent impulsive noise modeling and mitigation techniques have
been presented. The performance of the conventional communication schemes
designed for Gaussian noise usually degrades drastically in non-Gaussian envi-
ronments such as the PLC one. In general, MCM systems have better immunity
Complexity BER performance Data rate Transmission power
MCM Medium Good Medium Medium
Nonlinear preprocessors Low Good Medium Medium
MIMO Medium Good Medium Medium
Coding High Very good Low Medium
Iterative High Good Medium Medium
Table 1: Comparison between the various impulsive noise mitigation techniques.
to impulsive noise than SC systems. When the noise is very impulsive, nonlinear
preprocessors become a very eﬀective way of reducing the noise pulses. Further-
more, PLC systems can be made more resistant to such channel impairments by
applying channel coding schemes. Increasing the transmit power to reduce the
eﬀect of such channels could solve the impulsive noise problem; however, this
would create another problem, i.e. electromagnetic radiations. Therefore, there
is a trade-oﬀ to which careful attention must be paid.
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